Klebsiella pneumoniae (Kp) is one of the most important nosocomial pathogens world-40 wide, being responsible for frequent hospital outbreaks and causing sepsis and multi-41 organ infections with a high mortality rate and frequent hospital outbreaks. The most 42 prevalent and widely disseminated lineage of K. pneumoniae is clonal group 258 (CG258), 43 which includes the highly resistant "high-risk" genotypes ST258 and ST11. Recent studies 44 revealed that very large recombination events have occurred during the recent emergence 45 of Kp lineages. A striking example is provided by ST258, which has undergone a 46 recombination event that replaced over 1 Mb of the genome with DNA from an unrelated 47
Introduction 81
Recent genomic studies revealed that some bacterial species are capable of exchanging 82 large (> 5 Kb) and/or very large (>100Kb, up to over 1 Mb) genomic portions [1] provoking 83 sudden and extended changes into the recipient genome, e.g. the acquisition and/or loss 84 of several genes and multiple nucleotide variations [2] . In particular, genomic studies 85 published in 2014 and 2015 described large and very large recombination events (of up to 86 20% of the entire genome) involving epidemiologically relevant strains of Klebsiella 87 pneumoniae (Kp), an important nosocomial pathogen [3] [4] [5] [6] [7] . 88 89 Kp is a Gram-negative bacterium and member of the Enterobacteriaceae family. This 90 species has a diverse ecology: in addition to being a common colonizer of the guts of 91 humans and other mammals (including livestock), it is also associated with invertebrates, 92 plants, and multiple niches in the environment including soil and water [8, 9] . Kp is 93 comprised of three major phylogroups, named KpI, KpII and KpIII [10] . Although KpII and 94 KpIII have been defined as species K. quasipneumoniae and K. variicola [11, 12] , for 95 simplicity we will still refer to them as K. pneumoniae groups II and III. Analysis of a 96 diverse global dataset revealed ecological differences between these groups; while KpI 97 strains are often isolated from hospitalized human patients, KpII strains are frequently 98 associated with healthy carriers, and KpIII strains are mainly found in the environment or in 99 association with other mammals or plants [9] . Kp can behave as an opportunistic 100 pathogen, especially in immuno-compromised hosts, causing multi-organ infections and 101 sepsis. These infections are particularly difficult to treat when caused by multi-drug 102 resistant strains, which are common as Kp is able to acquire resistance to most antibiotic 103 classes, including extended spectrum beta-lactams and carbapenems. Several distinct 104 multidrug-resistant Kp clones have been isolated in hospitals worldwide, making this 105 bacterium a major public healthcare burden. Kp strains harboring blaKPC, a plasmid gene 106 encoding a carbapenemase, pose a particularly high risk to public health, and recently a 107
Kp strain that is resistant to all 26 antibiotics licensed in the US has been isolated [13, 14] . 108
The most widespread KPC producers are isolates from clonal group 258 (CG258), which 109 is known to have spread throughout the Americas, Europe, Asia and elsewhere [15] [16] [17] [18] large recombinations tend to be less common between unrelated Kp phylogroups, and 123 argued that gene flow in the Kp population is likely to be structured by biological and/or 124 ecological barriers [9] . In order to investigate the large recombination phenomenon in Kp, 125
we analysed over 800 genomes from this species, focusing on recombination analysis, 126 donor identification, gene presence/absence. We show that large recombination events in 127
Kp CG258 led to the emergence of several epidemiologically relevant lineages and 128 provide evidence that suggests that donor gene composition may affect the 129 successfulness of the hybrid strains. 130
These 13 novel genomes were added to a collection of 821 genomes, to represent the 137 genomic diversity of Kp (Table S3) . A SNP-based phylogeny of this sample was consistent 138
with previous studies ([9]; Figure S1 ). The vast majority of the isolates corresponded to a 139 large radial expansion within KpI, with KpII and KpIII clearly distinct at the end of long 140 branches. 141
142
Although the 834-genome dataset represents the diversity within the publicly available 143 datasets, there exists a significant bias towards sampling clinical isolates. In order to 144 control for this, we sub-sampled 394 Kp representative genomes based on pairwise SNP 145 distances, such that no two genomes sharing fewer than 5 SNP differences were kept (see 146
Methods). A subset of 60 CG258 strains was then extracted from the 394-genome dataset. 147
Core SNPs were called independently for the global (394 strains) and CG258 (60 strains) 148 datasets, and these SNPs were used for phylogenetic reconstruction using Maximum 149
Likelihood (Figures 1 and 2) . 150 151
Patterns of recombination within CG258 152
Recombination was detected within the 60 CG258 genomes using ClonalFrameML [20] 153 (see Methods). A total of 119 recombination events were detected, 65 on internal nodes 154 and 54 on terminal branches of the tree (Figure 1 ). These recombination events 155 encompassed 63% (n = 3,344,516) of the 5,263,229 sites in the core genome alignment. 156
In particular, 2,195,715 positions resulted recombined only in one branch of the tree, while 157 391,724 in at least 10 branches. Thirty of the 119 (25%) recombinations were sized 158 > 100Kb (~2% of the reference genome) and, among them, six have >500 Kb size (~10% 159 of the reference genome length) and two > 1 Mb (~20% of the genome). Thus, these initial 160 observations confirmed that large recombination events have occurred relatively frequently 161 within CG258. 162 Figure 1 clearly illustrates that the recombination events are not randomly distributed 164 across the genome but are highly clustered. Ninety-five of the 119 (80%) total predicted 165 recombination events occurred in a 1,185,000 sized region (23% of the genome), between 166 positions 1,575,000 and 2,760,000 of the reference genome, and the same region 167 contains 27 of the 30 large recombinations (>100 Kb) localized between the positions 168 1,660,631 and 2,750,819. In fact, bootstrap-based hierarchical clustering analysis reveals 169 two highly supported clusters corresponding to two partially overlapped genomic regions, 170 as shown by green and purple lines in Figure 1 . Cluster 1 is composed of 7 recombination 171 events spanning the region from 1,660,631 to 2,750,819 (1,090,188 bp), while cluster 2 172 includes 20 recombination events from 1,629,115 to 2,131,208 (502,093 bp). Thus, we 173 divided the highly recombined region in two sub-regions: the "overlapped Cluster1-2" 174 subregion, from 1,629,115 to 2,131,208, involving both "Cluster1" and "Cluster2" 175 recombinations, and the "Cluster1 only", from 2,131,209 to 2,750,819, involving only 176 "Cluster1" recombinations. 177
178
Our analysis on the 60 representative genomes of CG258 revealed that ST340, ST437, 179 ST833 and ST855 have emerged from a ST11-like ancestor following the acquisition of 180 genomic regions of at least 100 Kb. All these STs are single-locus variants of ST11, the 181 single discrepant allele being at tonB, which is located within the recombined region 182 ( Figure 1 ). Furthermore, three basal branches of the CG258 tree, corresponding to US-183 MD-2006, JM45 and CHS_24 strains, resulted completely free of large-recombination 184 signals ( Figure 1 ), suggesting that genomic features shared among them, such as gene 185 content, were probably also common to the ST11 ancestor genome (for this reason we will 186 refer to these three strains as "ST11-ancestor-like"). 187
Identifying the origins of imported DNA in CG258 189
In order to identify the donors of the recombination events detected within CG258, we 190 used a phylogenetic approach based on the core SNPs within each of the recombined 191 regions. Using this method, we were able to robustly identify the donors of 19 192 recombination events, which we will refer to as "Recombination with Identified Donor" or 193 RID (see Table 1 , Table S1 and Figure S3 for information about RIDs donors and 194 recipients, and Figure S4 -S22 for trees). RID1 and RID19 correspond to previously 195 identified donor / recipient pairs, thus confirming the soundness of our approach [3, 4] . 196
197
In order to visualize the flow of large recombinations towards CG258, we plotted the global 198 tree of Kp (including all the strains used for recombination analysis or donor identification) 199
and connected donors and recipients with links ( Figure 2 ). We found that only two highly 200 supported lineages, ST147 and ST37, resulted involved in multiple recombination events. 201 202 
Note to Table 1 . When the recipient of the recombination is on an internal node of the tree 206
in Figure 1a , the acceptor node label corresponds to the label used by ClonalFrameML 207
and reported in Figure S3 . More information is reported in Table S1 . 208 209 210
Gene presence/absence analysis 211
We investigated whether divergent gene compositions between donors and recipients can 212 represent a genetic barrier for large recombinations between non-CG258 (possible 213 donors) and CG258 strains (possible recipients). We compared the genomic localizations 214 of large recombinations and the positions of the genes commonly present among CG258 215 but less frequent among non-CG258 strains. More specifically, the 834 genomes included 216 in the global data set were subjected to orthologue analysis, and genes were classified as 217 "common" (present in >= 95% of the strains), "accessory" (< 95% and >= 5%) and "rare" 218 (<5%), considering separately the CG258 and non-CG258 strains (classification of genes 219 as "common" and "accessory" is according to Holt et al. 2015) . Subsequently, the CG258 220 "common" genes were divided into "common-common" if classified as "common" also 221 among non-CG258 strains, as "common-accessory" if classified as "accessory" in non-222 CG258, and as "common-rare" if "rare" in non-CG258 strains. Considering the observed 223 high frequency of recombination, we expected that gene co-presence among 224 recombination donors could introduce biases in the classification of CG258 "common" 225 genes. Thus, we considered only CG258 "common" genes likely present into the ST11 226 ancestor, i.e. those shared among the three ST11-ancestor-like strains described above. 227
Within CG258, a total of 2453 common, 6786 accessory and 22539 rare genes were 229 identified. In order to study the genomic localization of these gene categories, we 230 considered only the genes present on the reference genome (2404/2453 common, 231 2738/6786 accessory and 61/22523 rare genes). The common, accessory and rare genes 232 showed an evidently uneven distribution along the genome: common genes clustered 233 around the origin of replication (ORI), while accessory and rare genes are more frequent in 234 the central part of the genome (Figure 1b) . 235
236
Among the 2453 genes classified as common in CG258, 2385 resulted present in all the 237 ST11-ancestor-like strains and 1327 were classified as "common-common", 977 as 238 "common-accessory" and 81 as "common-rare". The genomic positions of these genes 239 present in the reference genome (1309/1397 common-common genes, 948/977 common-240 accessory and 80/81 common-rare genes) were then retrieved and compared to the 241 positions of large recombinations. The distributions of common-common, common-242 accessory and common-rare genes show an interesting pattern (Figure 1c ), in particular 243 within the highly recombined genomic region described above (see "Patterns of 244 recombination within CG258" paragraph). Indeed, in correspondence of the less frequently 245 recombined genomic region called "Cluster 1 only", common-common genes frequency 246 reaches its minimum and common-accessory genes frequency show a local maximum 247 ( Figure 1c ). Furthermore, no common-rare genes are localized within the highly 248 recombined region (Figure 1c) . 249
250
Out of the 948 common-accessory genes, 183 are localized within the highly recombined 251 region. Non-CG258 strains show a variable pattern of presence of these genes (Figure 252 S23), and statistical analyses revealed that: (a) strains involved as donors in multiple 253 recombinations (ST147 and ST37) harbored significantly more of these genes that the 254 other donor strains (Wilcoxon test, p-value < 0.05, boxplot in Figure S25 ); (b) within the 255 highly recombined region, genes localized within the less frequently recombined "Cluster 1 256 only" sub-region, resulted harbored by significantly fewer non-CG258 strains in 257 comparison to those localized within the more frequently recombined "overlapped 258 Cluster1-2" sub-region (Wilcoxon test, p-value < 0.01 -boxplot in Figure S26 ). On the 259 other hand, the common-rare genes heatmap ( Figure S24) shows that rare genes are 260 particularly frequent in some non-CG258 lineages, but an evident pattern with donors is 261 not detectable. 262
263
Common-accessory and common-rare genes present in the reference genome were then 264 annotated against Clusters of Orthologous Groups (COG) and pie charts of COG 265 pathways abundances were plotted ( Figure S27 and Figure S28 , respectively). Finally, 266 COG pathways abundances of common-accessory genes localized inside and outside the 267 highly recombined region were compared and no significant difference was found 268 presence/absence analysis, we propose the hypothesis that a different gene composition 296 between donor and recipient can limit the success of the emerged hybrid strains. 297
According to this hypothesis, the donor of a successful large recombination must possess, 298 within the exchanged genomic portion, the genes necessary for the survival of the 299 recipient strain (genes already present within the replaced portion of the recipient 300 genome). Following this model, the number of successful donor-recipient combinations is 301 likely limited, as well as the number of possible emerging hybrid strains. We graphically 302 illustrate the proposed model in Figure 3 . 303
304
The rationale for this hypothesis can be summarized as follow: (a) the acquisition of a 305 large genomic region can produce changes in the gene content into the recipient genome 306
[2] (Figure 1b ) and it is reasonable to assume that such phenomenon would be particularly 307 prominent in bacterial species with highly variable gene content, such as Kp [9]; (b) gene 308 content changes can dramatically affect the fitness of the recipient strain, thus we can 309 assume that the large recombinations observed are just the successful ones, because a 310 recombination that causes the loss of genes fundamental to the recipient ("putative 311 recipient survival genes") would cause a significant reduction of the fitness of the emerged 312 strain; (c) the absence, in the transferred genome region, of genes required for recipient 313 survival could represent a genetic barrier to large recombinations. 314
The evidences that led us to formulate, and then to support, this hypothesis are discussed 315 below. 316 1. Discontinuity in recombination frequency along the genome suggests the existence of a 317 genetic barrier. 318
Large recombinations involve more frequently a specific 1,5 Mb sized genomic region 319 (here called "highly recombined region", Figure 1a ). Within this region, clustering analysis 320 revealed the existence of two partially overlapping, but well-delimited, sub-regions 321 presenting different rates of recombination (Figure 1a ) (on the basis of the clustering result 322 we called the most frequently recombined ones "overlapped Cluster1-2", and the other one 323 "Cluster1 only"). Despite the higher frequency of recombination of the entire region can be 324 explained by a strong diversifying selection due to the presence of the capsule genes [7] , 325 the discontinuity between the two sub-regions (both involving the capsule genes), needs 326 an additional explanation. Indeed, it is reasonable that, in a bacterium able to exchange 327 large genomic portions, the existence of a genomic locus with a high rate of successful 328 recombination (such as the locus of the capsule genes) can produce an hitchhiking-like 329 effect of adjacent loci: the probability that a locus is involved by a successful large 330 recombination event is expected to decrease with the distance from that high frequently 331 exchanged locus. The existence of two well-delimited genomic sub-regions with different 332 recombination frequencies suggests a different mechanism, such as the existence of a 333 genetic barrier to large recombinations between these two regions. 334 335 2. The absence of a pattern between exchanged regions and donor lineages suggests that 336 the genetic barrier could be localized on the recipient genome. 337
We robustly identified the donors of 19 recombination events in the CG258 lineage ( Figure  338 2). We found that the lineages ST147 and ST37 are donors in multiple recombination 339 In order to test our hypothesis, we focused on CG258 "putative surviving genes", identified 347 as the genes present in > 95% of all the CG258 strains included in the study (>400 348 strains). In particular, we investigated their localization within the "highly recombined 349 region" and their frequency among the non-CG258 strains, possible donors of large 350 recombinations. In order to minimize possible biases due to gene content variations 351 caused by large recombination, we decided to include in the analyses only the CG258 352 "putative surviving genes" harbored by the three deep-branching CG258 strains, for which 353 recombination analysis did not report evidence of large recombination in their evolutionary 354 history (see Results). Indeed, we assume that genes present in the genome of these three 355 strains were also likely present in the unrecombined GC258 ancestor. We will refer to 356 these genes as "CG258 common genes". 357
events. No association was observed between the localization of the large recombinations

358
We found that many of the CG258 common genes are localized around the origin of 359 replication, outside the "highly recombined region" (Figure 1b ). This distribution can be 360 explained in two ways: a) the high number of recombinations increased the gene content 361 variability of the "highly recombined region"; b) the lesser content of survival genes within 362 this region makes it more replaceable. 363
364
In order to discriminate between these two possible explanations, we sub-classified the 365 CG258 common genes on the basis of their frequencies among non-CG258 strains (we 366 classified the CG258 common genes as "common-common" if present in > 95% of the 367 non-CG258 strains, as "common-accessory" if > 5% -<= 95% and as "common-rare" if < 368 5%). Indeed, if the successful rate of a large recombination is affected by donor gene 369 content within the exchanged genomic region, we should aspect to observe a pattern 370 between the recombination frequency of a CG258 genomic region, and the frequency 371 among possible donors (non-CG258 strains) of the genes localized within that genomic 372 region. 373
374
We found a pattern between the genomic localizations of large recombinations and those 375 of common-common, common-accessory and common-rare genes. Indeed, (a) the 376 absence of common-rare genes within the highly recombined region suggests that the 377 presence of these genes could be a strong barrier for large recombination events in a 378 CG258 recipient; (b) the higher frequency of common-accessory genes and lower 379 frequency of common-common genes within the lesser frequently recombined "Cluster1 380 only" genomic region, suggests that only a limited number of possible donors could exist 381 for this genomic region. 
Conclusions
397
Large recombinations frequently occurred during the evolution of K. pneumoniae clonal 398 group 258, leading to the emergence of novel lineages. Our work reveals that large 399 recombinations occurred with higher frequency in specific Kp lineage pairs, and that the 400 prevalence of these events is not evenly distributed across the Kp genome. Here we 401
propose that this pattern could be explained if we consider the different gene content 402 between recipients and donors as a barrier for large recombinations. This first 403 reconstruction of a network of large recombination events in Kp provides a novel point of view on this phenomenon, highlighting the importance of such an approach for The clustering analysis was performed using PVClust R package, and the clusters were 641 identified setting the au threshold at 0.99. The two major clusters, Cluster 1 and Cluster 2, 642 are highlighted in violet and green respectively. 643 644 Figure S3 . 645
Maximum Likelihood tree (without branch length information) obtained from RaxML and 646 subjected to recombination analysis with ClonalFrameML. The node labels correspond to 647 those gave by ClonalFrameML to identify the acceptors of the recombinations, and 648 correspond to acceptor names used in Table 1 . 
